A new chitosan based colorimetric anion receptor bearing nitrophenyl as a chromogenic signal group, and urea moiety as recognition site was designed and synthesized. The receptor structure was characterized by FTIR and 1 H NMR. The sensing abilities of the receptor for anions were investigated with UV-vis methods. During the addition of PO 4 3À and F À anions, the sensor responded with a dramatic color change, and no change was observed in the presence of other anions. The UV-vis absorption titration data showed that the receptor shows selective recognition and sensing in DMSO-H 2 O (1%) for PO 4 3À and F À anions. The Job's curve showed that 3 : 2 stoichiometry complexes were formed between the receptor and the anion.
Introduction
Anions play important roles in biological, pharmaceutical, chemical, biochemical and environmental research. [1] [2] [3] [4] [5] [6] [7] The detection, isolation and recognition of anions has attracted much interest. The design and synthesis of simple and selective colorimetric anion recognition tools via articial receptors are hot topics in host guest anion recognition. Usually, anion receptors consist of recognition sites and signal reporter groups. These include general recognition sites by urea/ thiourea, amine/amide, phenol, guanidine, and pyrrolecontaining structural units with hydrogen bond donors.
8-10
The reporting group is oen the chromophore with a p conjugated system, such as a nitro phenyl, azophenyl, or anthraquinone group. These can construct an anionic chromophore carrier to realize naked eye detection of anion. 11, 12 Among many analysis methods, naked eye detection of anions is widely used because it is simple and easy to operate, without any spectroscopic instrumentation. Researchers have developed and applied many colorimetric anion receptors containing one or more (thio) urea subunits for anion sensing during the past decades. 13 Moreover, selectivity is related to the binding affinity of the receptor-anion interaction; in this sense, results in quite stable strongly hydrogen-bonded complexes with different anions such as acetate, phosphate or uoride.
14
It is well-known that urea/thiourea with a nitrophenyl group as a signaling unit showed an enhancement in both the hydrogen-bond donor tendency and acidity. 15 For example, Aldrey 16 and others 17, 18 have reported the colorimetric receptors where nitrophenyl was treated as a signaling unit and urea/ thiourea moieties as binding sites.
The selectivity for special analyte of the host molecule could be rationalized on the basis of not only the guest basicity but also shape complementarity between the host and the anionic guests. We recently developed a series of ortho-phenylene bridged oligourea receptors that exhibit excellent binding affinity and selectivity toward tetrahedral anions (sulfate and phosphate) and have proven to be promising receptors for anion coordination and recognition.
19
Chitosan (CS) is a linear b-(1,4)-linked polysaccharide that is composed of glucosamine and N-acetylglucosamine obtained by the partial deacetylation of chitin-the second most abundant biopolymer in nature. [20] [21] [22] Chitosan is non-toxic, biocompatible and biodegradable. It is widely used in biotechnology, pharmaceuticals, cosmetics, agriculture, food science and textiles. 23 However, due to strong intra-and intermolecular hydrogen bonding interactions, chitosan is only soluble in acids. It is insoluble in neutral or alkaline aqueous solutions and thus its utility is largely limited. Therefore, it is necessary to introduce functional groups to transform the chemical structure of chitosan as well as to improve its solubility, functionality, and applications.
In recent years, chitosan thiourea and its derivatives have been extensively studied in various applications such as antimicrobial and antifungal activity, [24] [25] [26] [27] [28] 
42-44
However, to the best of our knowledge, there is no report showing about chitosan (thio) urea as an anion recognition tool. Here we designed and synthesized chitosan based colorimetric anion receptors for three main reasons: (i) chitosan contains many free and active groups of amino (-NH 2 ) and hydroxyl (-OH). Multiple urea, hydroxyl and amino groups are good hydrogen bond donors for the construction of the chitosan based anion receptors. It is known that stronger interactions in the host-guest systems are usually a consequence of a larger number of H-bonds in the complex.
10 Therefore, the complex stability highly depends on the strength and the number of the H-bonds. (ii) The 4-nitrophenyl group was appended to the urea moiety, and the presence of -NO 2 -electron-withdrawing group enhanced the acidity, and colorimetric recognition ability of the receptor and (iii) the receptor synthesis is simple.
Here, a 4-nitrophenylurea chitosan (CS-NPU) receptor was prepared through the reaction of chitosan with 4-nitrophenyl isocyanate. The receptor structure was characterized by FTIR and 1 H NMR and its anion sensing properties were studied by UV-vis analytical methods. In addition, sensing behaviors can be realized via the "naked eye" determination because it has a remarkable color response. Determination of degree of deacetylation (DDA) and molecular weight
Experimental

Materials and chemicals
The degree of deacetylation of chitosan was determined via a potentiometric titration according to the literature. 45 0.2 g of chitosan was dissolved in 25 mL of 0.1 M HCl and excess HCl was back titrated with a solution of 0.1 M NaOH using a pHSJ-4F meter (INESA, Shanghai). The differential and integral titration curves were drawn between solution pH and volume of alkali added. This produced an integral curve with two inexions. The DDA of chitosan has been calculated as follows:
here DV is the differential volume of NaOH between two inexion points, m is dry weight of CS sample and N is the concentration of NaOH used in the titration. The molecular weight was determined by measuring relative viscosity with an Ubbelohde viscometer at 25 AE 0.5 C. The solvent system was 0.1 M CH 3 COOH and 0.1 M CH 3 COONa. The molecular weight was calculated from the intrinsic viscosity based on the Mark-Houwink eqn (2):
here a and K are Mark Houwink constants; we used a ¼ 0.93 and K ¼ 1.81 Â 10 À3 cm 3 g À1 from the literature.
46,47
Degradation of CS by hydrogen peroxide
The degradation process of chitosan was performed according to the literature. 48 Chitosan (6 g) was dissolved in 200 mL acetic acid solution 5.0% (w/v) under room temperature for 1 h with stirring and heating to 65 C. Next, 6 mL H 2 O 2 was added to obtain the CS solution. The resulting solution was stirred at 65 C for 6 h. The solution was added into a 10% sodium hydroxide solution. The product precipitated and was then ltered and washed with deionized water until the pH ¼ 7. The solid was lyophilized for three days at À50 C. The deacetylation degree of the degradation CS was 94.30%, and the M h value was 2.37 Â 10 4 g mol À1 .
Preparation of chitosan-nitrophenylurea (CS-NPU) receptor
The chitosan was modied via reaction between the amino group on the chitosan and the active isocyanate group of NPI as presented in Scheme 1. The treated CS (calculated by the glucosamine units: 0.180 g, 1 mmol) was added into a twonecked ask evacuated under vacuum and ushed with dry nitrogen three times. This was then added into 30 mL of dry DMSO in the ask. The mixture was stirred 30 h at 60 C. Then NPI (0.246 g, 1.5 mmol) was added into the ask, and the resulting mixture was stirred at room temperature for 48 h. Finally, a pale yellow solid was ltered, washed three times with DMSO and acetone and then dried in vacuum.
Scheme 1 Synthetic route of CS-NPU.
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UV-vis titrations
The absorption spectra were recorded with a UV-178 UV-visible spectrophotometer (Shimadzu, Japan). The concentration of the receptor solution (1.0 Â 10 À5 M) in DMSO/H 2 O was calculated on the basis of the monomeric units and the guest anions (2.0 Â 10 À3 M) in DMSO. In each experiment a small amount (2À5 mL)
of guest anion samples were added to the receptor L (2 mL) solution. The spectrum was then scanned. All measurements were performed at room temperature.
Absorption titrations and Hill plots 49
The sample solutions with varying amounts of anions were prepared similar to the above procedure. The UV-vis absorption was measured. 
here Y, K a , and n represent the fractional saturation of the host, the apparent binding constant and the Hill coefficient, respectively. The Y value was calculated via eqn (4):
here A 0 , A obs , and A max represent the inherent absorbance of urea chitosan sample, the absorbance in the presence of anion guests and the maximum absorbance obtained when the absorption change was completed at the selected wavelength. The K a and n values were determined from the slope and Y intercept in the resulting Hill plots.
Solubility test
The solubility of the chitosan and the modied chitosan was tested in common organic solvents such as acetone, carbon tetrachloride, dichloromethane, trichloromethane, ethanol, methanol, tetrahydrofuran(THF), N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO) at 25 C. The samples were soaked in each solvent at the concentration of 5 mg mL À1 , the results are presented in Table 2 .
Results and discussion
Characterization of CS-NPU receptor FT-IR analysis. The FTIR spectra of the CS, degradation of CS and CS-NPU are shown in Fig. 1. Fig. 1(a) Fig. 1(b) ). According to the characteristic frequency of the infrared absorption spectrum, there are new peaks, at 1698 cm
1327 cm À1 (-NO 2 ), 1517 cm À1 (phenyl) and 709 cm À1 (phenyl) (Fig. 1(c) ). The characteristic vibration peak of the C]O stretching of the urea moiety of modied chitosan is consistent with the reported literature.
51
The analysis of 1 H NMR. Fig. 2 compares the 1 H NMR spectra of CS and CS-NPU with the assignments of all the protons. The chitosan spectrum ( Fig. 2(a) ) showed a small signal at d 2.14 ppm assigned to the methyl protons in N-acetylated glucosamine unit. 52 The signal at d 3.28 ppm was assigned to the C2 proton of glucosamine and the N-acetylated glucosamine unit. There are peaks from d 3.8 to 4.0 ppm that were attributed to C3-C6 protons of glucosamine and the N-acetylated 53,54 Similar results were also reported in the literature.
55
The 1 H NMR spectrum of CS-NPU is shown in (Fig. 2(b) ). The aromatic proton peaks from d 7.50 to 8.50 ppm are characteristic for mono substituted benzene derivatives. Based on the assignment of the 1 H NMR spectra of CS-NPU, we concluded that the phenyl urea group has been successfully introduced to the chitosan.
29,48
Recognition performance Naked eye detection. The colorimetric detection experiment was performed in DMSO by addition of the various anions to a solution of receptors (4.0 Â 10 À5 M). The solution changed from colorless to yellow for PO 4 3À and yellowish for F À anion (10 equiv.) (Fig. 3) . This was easily observed by the naked eye. However, no color change was seen with Cl . The color changes are most probably due to high negative charge density on F À and PO 4 3À . These result in the strong hydrogen bonding with NH and OH in the receptor. The formation of these hydrogen bonds affects the electronic properties of the chromophore as well as the strong hydrogen bond interactions between electron decient urea moieties and the F À or PO 4 3À bound hydroxyl group. . On the other hand, Fig. 6(a) shows that as the F À anion increased, the absorption peak at 351 nm gradually decrease, and a new peak appeared at 486 nm. Clear isosbestic points were observed at 286 and 409 nm. The absorbance intensity of L was saturated with 875 equiv. of F À . The addition of other anionic species as their tetrabutylammonium salts did not give any response. This shows the specicity of the receptor for selective binding interaction with PO 4 3À and F À anions. The data conrm that the receptor has higher selectivity for phosphate and uoride over other anions. 
Hill plot analysis
On the basis of 3 : 2 stoichiometry, the corresponding binding constants (K a ) of L for F À and PO 4 3À anions were calculated in DMSO based on the UV-vis titration experiments by Hill plots the results are presented in Table 1 
Solubility of NPU-chitosan
The solubility of the CS and CS-NPU were studied in different solvents at 25 C (Table 2) . CS is insoluble in water or any selected organic solvent but soluble in dilute aqueous acids due to protonation of the amino groups. As shown in the table, CS-NPU is insoluble in carbon tetrachloride, dichloromethane, acetone, trichloromethane, ethanol, methanol, and THF, and it is swelled in strong polar solvents such as DMSO and DMF. NPU-CS is soluble in DMSO/H 2 O solution and acetic acid solution (5%, v/v).
Possible recognition mechanism
The solution is yellow when the receptor molecules coexist with phosphate anion. Upon addition of a small amount of proton solvent methanol, the solution gradually became colorless. The absorption peak at 351 nm increased gradually to the state without addition of anions. At the same time, the absorption peak of 468 nm gradually disappeared. This may be due to the competition of hydrogen bonding site of the methanol molecule to the anion with receptor molecule. These spectral data indicate the essence of the hydrogen bonding between the host and guest. Fabbrizzi and other research group's studies showed that (thio)urea is a good H-bonds donor and excellent receptor for tetrahedral anions and Y-shaped anions through the formation of multi topic H-bonds.
14,58 Thus, for a given NH-containing receptor (the acid), selectivity should be mainly related to the basicity of the A À anion; the higher anion basicity, the stronger the hydrogen-bonding interaction. Phenylurea-chitosan receptor was selective toward PO 4
3À
, forming stable complexes. The possible reasons are as follows: (i) the attachment of the strong electron-withdrawing group (-NO 2 ) to the aromatic substituent in receptor L enhances the acidity of the urea NH proton, which could increase the stability of the PO 4 3À complex.
(ii) Many urea, hydroxyl and amino groups in phenylurea-chitosan receptor can form multiple hydrogen bond donors. The complex stability highly depends on the strength and the number of the H-bonds. 10 The incorporation of additional H-bonding groups to the receptor, in principle, leads to the formation of more stable anion complexes. (iii) The basicity of phosphate anions also strongly contributes to the selectivity of CS-NPU to phosphate anions. (IV) Urea is an appropriate receptor for oxoanions because it can form two N-H O bonds with two consecutive oxygen atoms of the anion. The proposed anion-sensing mechanism of CS-NPU with anions in DMSO/H 2 O solution is depicted in Scheme 2.
Fluoride is a particular case as it has a size comparable to that of oxygen but holds an integral negative charge. Thus, among anions, F À establishes the strongest H-bond interaction with an NH fragment of the urea subunit. In particular, the interaction should correspond to an advanced stage of the proton transfer. In addition, the highest value with F À was observed and explained by its high charge density, small dimension and high basicity. In the presence of strong electronwithdrawing groups on the receptor, there is also a possibility for double deprotonation of the urea receptor with F À .
Conclusions
In summary, we reported the synthesis and anion recognition characteristics of a new chitosan compound. During the addition of PO 4 3À and F À anions, the sensor responded and could be detected with naked-eyes via a change from colourless to yellow for PO 4 3À and yellowish for F À at room temperature. Other 
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